The leading bacterial agent of sexually transmitted infections, Chlamydia trachomatis, infects and grows within genital mucosal epithelial cells. In menstruating women, endometrial epithelial cells are subject to cyclic fluctuations of estrogen and progesterone, which, in turn, affect the concentrations and availability of micronutrients such as iron (2, 13, 32) . Numerous studies have shown that obligate intracellular pathogens are highly sensitive to iron deprivation or overload; however, it is also clear that each pathogen exhibits different responses reflective of their unique metabolic requirements and intracellular habitats (reviewed in references 18 and 27) .
Previous studies in our laboratory using a polarized endometrial epithelial cell model of C. trachomatis infection have shown that iron limitation causes (i) a significant decrease in chlamydial infectivity, (ii) a delay in chlamydial development, (iii) the formation of abnormal morphological chlamydial forms, (iv) an increased quantity of membranous blebs within chlamydial inclusions, and (v) quantitative changes in the expression levels of specific chlamydial proteins (19) . Related studies with Chlamydia pneumoniae concur with our findings and, importantly, indicate that this respiratory pathogen is exquisitely sensitive to iron availability in direct comparison with C. trachomatis (1) . Overall, the chlamydiae have a demonstrated requirement for iron that is supported by inferred metabolic processes from whole-genomic-sequence analyses (16, 22) .
Altered expression of specific bacterial proteins and virulence factors in response to iron limitation is commonly, but not exclusively, regulated at the level of transcription by metaldependent repressors related to the Escherichia coli ferric uptake regulator (Fur) (6, 12, 26) or the Corynebacterium diphtheriae diphtheria toxin regulator (DtxR) (24) . Although initial analysis of the chlamydial genome sequence did not reveal a Fur or DtxR homolog, we identified a distant relative of Fur that is encoded by open reading frame (ORF) CT296 (28) . Chlamydial divalent cation-dependent regulator A (DcrA), which shares 37% amino acid similarity with E. coli Fur, specifically binds to a synthetic E. coli iron-responsive promoter sequence, or Fur box, and is also able to functionally complement an E. coli fur mutant.
The objective of this study was to identify chlamydial genomic sequences that serve as substrates for chlamydial DcrA. The use of consensus Fur box sequences, chlamydial genome sequences, and alignment algorithms is not an expeditious approach and is confounded by the promiscuity among the native substrate recognition patterns of Fur-like regulators in bacterial pathogens (10, 21, 25) . It is also noteworthy that chlamydial genomes characteristically have short noncoding or intergenic sequences between putative ORFs (20) . Therefore, we used the functional Fur titration assay (FURTA) to locate chlamydial genomic sequences that are bound by E. coli Fur (23) . FURTA-positive sequences were subsequently examined for their direct interaction with chlamydial DcrA to substantiate our hypothesis that DcrA is a member of the Fur-like family of regulators.
MATERIALS AND METHODS
Construction of a FURTA library, screening, and sequencing. Whole genomic DNA from C. trachomatis serovar E/UW-5CX was isolated from 2 ϫ 10 10 purified elementary bodies with a genomic-DNA kit from QIAGEN (Valencia, Calif.) according to the instructions of the manufacturer. DNA was partially digested with restriction endonuclease Sau3A1, and fragments of 1,000 bp or less were purified from preparative 0.5% agarose gels. High-copy-number plasmid pGEM3Zf(ϩ) (Promega, Inc., Madison, Wis.) was completely digested with the compatible restriction enzyme BamHI and dephosphorylated with HK phosphatase (Epicentre Technologies, Madison, Wis.), and phosphatase activity was subsequently inactivated by heating the mixtures at 65°C for 30 min. After overnight incubation of pGEM3Zf(ϩ) with chlamydial chromosomal fragments at 16°C with T4 DNA ligase, the resultant ligation mixtures were transformed into calcium-chloride-competent E. coli H1717 (23) and plated on MacConkey agar containing 50 g of ampicillin per ml and 25 M ferric ammonium sulfate. The plasmid vectors pGEM3Zf(ϩ) (alone) and pGEM3Zf(ϩ) (containing a synthetic E. coli Fur box [5Ј-GATAATGATAATCATTATC-3Ј]) in the multiple-cloning site were transformed into E. coli H1717 as negative and positive controls, respectively.
Plasmid preparations were obtained from recombinant E. coli cells exhibiting strong lactose hydrolysis on MacConkey agar plates by using the Concert kit from Invitrogen, Inc. (Carlsbad, Calif.). Automated DNA sequencing of each plasmid insert was conducted in both directions with the T7 and SP6 primers. The chromosomal location of each plasmid insert was determined by searching the C. trachomatis serovar D database (http://chlamydia-www.berkeley.edu:4231/ and http://www.stdgen.lanl.gov/) using BLASTN 2.2.1 (http://www.ncbi.nlm.nih .gov). As a control, sequences were also scanned against the Mycoplasma pneumoniae genome; all sequences were negative for contamination by Mycoplasma.
Purification of DcrA. Recombinant C. trachomatis serovar E DcrA was purified from E. coli LMG194(pJER1) using nondenaturing conditions and affinity chromatography as generally described previously (28) . Cultures were incubated at 37°C to mid-log phase (A 600 ϭ 0.5) in reduced medium containing 0.2% (vol/vol) glucose, washed, and resuspended in prewarmed glucose-free reduced medium containing arabinose (0.02%, wt/vol) for a 3-h induction of recombinant protein expression. Induced whole-cell pellets were stored at Ϫ20°C. Upon removal from the freezer, cell pellets were kept on ice and suspended in 10 ml of a buffer containing 20 mM sodium phosphate (pH 7.8), 500 mM NaCl, 1 mg of lysozyme, 50 g of RNase A (QIAGEN, Inc.), 100 l of protease inhibitor cocktail (Sigma), and 1 g of Chelex-100. The cell slurry was then sonicated on ice 10 times for 10 s each minute using a W-385 Probe-tip sonicator (Heat-Systems Ultrasonics, Inc.) and subsequently centrifuged at 3,000 ϫ g for 15 min at 4°C. The supernatant containing soluble DcrA was kept on ice prior to chromatography.
A nickel chloride affinity resin (ProBond; Invitrogen Co.) was used for purification and was regenerated between preparations by washing it twice in 50 mM EDTA (pH 8) and then by washing it once in 0.5 N NaOH, washing it generously in sterile deionized water, and recharging it in 5 mg of nickel chloride hexahydrate (Sigma Co.) per ml. After being washed twice with sterile, deionized water, the resin was equilibrated in 20 mM sodium phosphate buffer (pH 7.8) and 500 mM NaCl (PBS).
Soluble-DcrA-containing supernatants were applied to the nickel affinity resin at a ratio of 10 ml per 5 ml of packed resin and gently mixed at 4°C for 20 min for adsorption in a batch format. The resin with bound protein was allowed to settle by gravity, and the supernatant containing unbound proteins was gently removed with a glass pipette. The resin was washed four times with cold PBS.
Proteins that bound to the nickel resin were eluted using an increasing stepwise gradient of 50 mM to 1 M imidazole in cold PBS (pH 6.0). The resin was sequentially exposed to 1 ml of 50 mM (once), 1 ml of 250 mM (once), 1 ml of 350 mM (once), 1 ml of 0.5 M (once), 1 ml of 0.75 M (four times), and 1 ml of 1 M (three times) imidazole. Highly purified recombinant DcrA was present in fractions following elution with 1 M imidazole. Those fractions were pooled, dialyzed overnight against 10 mM phosphate buffer (pH 7.5), and stored at Ϫ20°C in the presence of 20% (vol/vol) glycerol. Fifty-microliter aliquots were examined for purity by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting and to determine protein concentrations as described previously (28) .
EMSA. Chlamydial genomic inserts were obtained from the FURTA-positive plasmids pJER123, pJER178, pJER406, pJER408, and pJER435 by restriction endonuclease digestion and purified by agarose gel electrophoresis. The DNA substrates were subsequently labeled with biotin by using the Biotin 3Ј-end DNA-labeling kit (Pierce). Prior to the addition of substrates for electrophoretic mobility shift assay (EMSA), purified DcrA was equilibrated in EMSA binding buffer (20 mM Tris-HCl [pH 8.0], 50 mM KCl, 5% [vol/vol] glycerol, 0.5 mM dithiothreitol, and 0.1 mg of bovine serum albumin per ml) for 15 min at room temperature. Approximately 50 fmol of labeled DNA was incubated with increasing concentrations of DcrA (0, 400 nM, 800 nM, or 1.2 M) in EMSA buffer containing 100 M MnCl 2 and 2 g of salmon sperm DNA per ml for 30 min at room temperature; unlabeled substrate DNA was included in some reaction mixtures to examine competitive binding. Reaction mixtures were resolved on 6% (wt/vol) nondenaturing acrylamide gels in 40 mM Tris acetate-0.5 mM dithiothreitol, and products were transferred to positively charged nylon membranes and fixed by exposure to UV light. The detection of chemiluminescence was done using the LightShift chemiluminescent EMSA kit (Pierce), and signals were visualized by autoradiography.
Transmission electron microscopy. Polarized human endometrial epithelial cells (HEC-1B) were infected with C. trachomatis serovar E and cultured under iron-sufficient and iron-deficient conditions as previously described in detail (19) . At 24 h postinoculation, samples were washed, fixed in 2% (vol/vol) glutaraldehyde plus 0.5% (vol/vol) paraformaldehyde, processed, embedded in EponAraldite resin, and stained for high-contrast morphology as described previously (29) . Ultrathin sections were examined with a Philips Tecnai 10 transmission electron microscope (FEI Company, Hillsboro, Oreg.) operating at 80 kV.
RESULTS AND DISCUSSION
C. trachomatis genome sequences are functionally recognized by E. coli Fur. In order to initiate studies of the interaction of chlamydial DcrA with native chlamydial genome sequences, a selective approach was needed to identify candidate regulatory regions within the 1.04-Mbp C. trachomatis chromosome (22) . It was determined that a stepwise search for Fur boxes in chlamydial genomic regulatory sequences, using alignment algorithms, would not yield useful information for several reasons. Logistically, a sequence of 20 residues or less imposes limitations for standard searches and generally results in no significant similarities. Short sequences can be used with recent derivations of BLAST, but the E (or expect) value is generally increased to lengthen the list of expectations; this maneuver also increases background noise. Scientifically, not only do optimal consensus sequences recognized by Fur proteins show variation among different bacterial genera (10, 21, 25) , the traditional 19-bp palindromic E. coli Fur box has recently been redefined in more flexible terms. In one model, a Fur box is defined as having three hexameric repeats of NAT(A/T)AT -each of which may be present in either orientation within the regulatory regions of iron-responsive genes (7, 14) . Other investigators have defined Fur boxes as consisting of a 15-bp inverted repeat sequence that occurs twice within a 19-bp contiguous sequence (3). For C. trachomatis, the actual structures of chlamydial promoters are intrinsically weak and difficult to recognize without direct experimental testing (20) .
FURTA has been used on several gram-negative bacteria, and some gram-positive bacteria, to identify candidate genes for regulation by iron (8, 23, 25) ; the availability of entire genomic sequences makes this functional system an attractive approach to begin to localize potential iron-responsive genes in organisms for which amenable genetic systems have not yet been developed. FURTA strain E. coli H1717 contains a chromosomal fhuF::lacZ fusion, and fhuF is preceded by a lowaffinity Fur box; the introduction of high-copy-number plasmids that contain Fur-binding sequences in the multiple cloning site causes removal of Fur from the fhuF Fur box (23) . The resultant expression of LacZ is visualized as lactose-positive colonies on MacConkey agar plates. In this study, a C. trachomatis serovar E genomic library, consisting of approximately 5,000 ampicillin-resistant colonies, was generated in E. coli H1717. Four hundred forty-four isolates were mildly lactose positive, and 50 isolates were strongly lactose positive, representing 9 and 1% of this library, respectively. The mildly lactose-positive isolates likely contain less-conserved substrates for E. coli Fur, whereas recombinant plasmids from strongly lactose-positive isolates contain chlamydial genomic inserts with a high binding affinity for E. coli Fur. As a precautionary note, false-positive reactions can occur in FURTA when recombinants express a metal-binding protein (or do-main) that causes the removal of iron from Fur and, in turn, the removal of Fur from the fhuF promoter (23) .
E. coli Fur recognition sequences are broadly distributed throughout the C. trachomatis genome. Bidirectional DNA sequencing was conducted on the 50 chlamydial plasmid inserts that showed strong binding affinity by E. coli Fur. The chromosomal location of each sequence was determined by searching the C. trachomatis serovar D database. The resultant loca- (Fig. 1 ) revealed a broad distribution among predicted chlamydial ORFs within the entire genome. Sizes of the Fur-binding sequences ranged from 37 bp (pJER61) to 864 bp (pJER230); two plasmids contained identical genomic inserts, and two plasmids (pJER177 and pJER230) showed overlapping, but nonidentical, genomic inserts. Nine plasmids (data not shown) contained randomly ligated fragments of chlamydial DNA, and no contiguous sections of the chromosome greater than 18 bp were represented. Figure 1 and the chlamydial genomic websites illustrate the notably small representation of intergenic sequences in the C. trachomatis chromosome, indicating that regulatory sequences for many genes are present within the coding region of upstream genes. We view the FURTA data as belonging to one of two groups (Table 1 ). The first group consists of chlamydial ORFs for which the positioning of FURTA-positive sequences is within 300 bp upstream of the predicted translational start codon of a specific gene. A second group consists of chlamydial ORFs with a FURTA-positive sequence located less than 100 bp downstream of the start codon. Gene repression by E. coli Fur has been reported to involve sequences greater than 300 bp upstream, as well as sequences downstream, of the translational start codon (5) . Neisseria gonorrhoeae Fur binds to sequences downstream of the Ϫ10 promoter box in the opa multigene family (21) . Therefore, it is conceivable that ironresponsive genes in chlamydiae may involve binding of repressors at sites considerably removed from the start codon. Fur is also known to exhibit cooperative binding after interaction with a minimum substrate, and transmission electron microscopy of naturally occurring iron-regulated promoters shows multimers of Fur wrapping around the DNA helix (9, 15) . These data help explain why FURTA-positive results were observed for Salmonella enterica serovar Typhimurium promoters having as little as 12 bp of the 19-bp traditional consensus Fur box sequence (25) .
The first group of 21 FURTA-positive target ORFs (Table  1) encompasses six enzymes for basic metabolic processes and replication, including a predicted NADH-ubiquinone oxidoreductase (CT634 nrqA). ORF CT603 (aphC) is a predicted antioxidant peroxidase that may participate in oxidative defense mechanisms; the bacterial response to iron deprivation is closely coupled with oxidative stress (30) . Nine ORFs are hypothetical proteins of unknown function. CT089 (lcrE) encodes a putative regulatory protein for the type III secretion pathway, and several genes downstream of FURTA-positive sequences are putative type III secretion components. Four ORFs participate in envelope biogenesis and transport; CT077 (apbE) is a predicted membrane lipoprotein, CT817 (tyrP_1) is involved in amino acid transport, CT758 (murD) is a predicted N-acetylmuramyl L-alanine D-glutamate ligase, and CT709 (mreB) is a shape-determining protein regulated by Fur in E. coli (17) .
Seven ORFs have a FURTA-positive sequence positioned Although the chlamydial genes identified by the FURTA system are noteworthy, the data should be viewed in the appropriate context. The FURTA data are not comprehensive or absolute, and continued sequencing of the 444 isolates with lower affinities for E. coli Fur would likely unveil additional genomic targets for chlamydial DcrA. Moreover, recent data for other bacterial pathogens illustrate that as much as 50% of iron-responsive genes are not regulated by Fur and that Fur does not bind to their upstream promoters (10) . FURTA allowed us to meet the objective of locating reasonable targets for DcrA from among 1.04 Mbp of genome sequence.
Chlamydial DcrA specifically interacts with FURTA-positive chlamydial genome sequences. The primary objective of this study was to determine whether or not DcrA interacts with native C. trachomatis sequences. Therefore, five FURTA-positive sequences were utilized in an EMSA. DNA templates (and sizes) originated from the following plasmids: pJER123 (237 bp), pJER178 (359 bp), pJER406 (186 bp), pJER408 (211 bp), and pJER435 (581 bp). Selection was based on sequences that are positioned less than 300 bp upstream of the predicted translational start codon of the chlamydial ORF. As shown in Fig.  2 , all selected FURTA-positive templates are bound by DcrA.
Two genomic templates were selected for further analysis. First, the 359-bp insert in plasmid pJER178 was mapped to the putative upstream regulatory region of C. trachomatis ORF709, which encodes a protein termed MreB; MreB is (i) a shapedetermining protein and (ii) regulated by Fur in E. coli (17) . As illustrated in Fig. 3, C. trachomatis serovar E reticulate bodies growing in iron-deficient endometrial epithelial cells exhibit unusual septum formation as one of several morphological The selected templates were incubated with increasing concentrations of DcrA (Fig. 4A and B) , and the results show a concentration-dependent increase in the amount of the shifted DNA template. Concentration ratios in excess of 800 nM DcrA to 50 fmol of DNA reveal notable increases in multimeric DcrA complexes or supershifted DNA (Fig. 4) . To examine the specificity of interaction, increasing concentrations of unlabeled template from pJER178 and pJER406 were added to reaction mixtures prior to resolution by EMSA. When unlabeled template was present at a fivefold-higher concentration than that of the labeled template, the majority of multimeric DcrA complexes were eliminated ( Fig. 4C and D) ; concentrations of unlabeled template in excess of 25-fold virtually eliminated the electrophoretic shift of labeled DNA to confirm the specificity of the DcrA interaction with the FURTA-positive sequences.
Overall, continuing studies should provide intriguing new insights into the functionality of Fur-related proteins. The chlamydiae are unique in their capacity to express eukaryotelike nucleic binding proteins, such as histone homologs (4, 11) and integration host factor (31); thus, DNA bending may also influence the ability or inability of chlamydial regulatory factors to interact with their substrates. Other investigators have suggested that chlamydial promoters may be intrinsically weak to allow accessory transcription factors to regulate the complexity of chlamydial growth and development within eukaryotic cells (20) . Our continuing studies should provide additional understanding of the functional conservation or differences between two evolutionarily isolated metal-dependent repressors-E. coli Fur and C. trachomatis DcrA.
